Abstract-FastSPECT II is a recently commissioned 16-camera small-animal SPECT imager built with modular scintillation cameras and list-mode data-acquisition electronics. The instrument is housed in a lead-shielded enclosure and has exchangeable aperture assemblies and adjustable camera positions for selection of magnification, pinhole size, and field of view. The calibration of individual cameras and measurement of an overall system imaging matrix (1 mm 3 voxels) are supported via a five-axis motion-control system. Details of the system integration and results of characterization and performance measurements are presented along with first tomographic images. The dynamic imaging capabilities of the instrument are explored and discussed.
I. INTRODUCTION

F
ASTSPECT is the name of a SPECT imaging architecture developed in the 1980s that incorporates an array of gamma-ray cameras to simultaneously record enough angularsampling planar images to permit tomographic reconstruction without camera motion. This has several advantages over revolving one or more cameras about an imaging subject or rotating a subject in front of a stationary camera. The most important of these is obviously the parallel nature of the imaging: since all projections are collected at the same time, the total data-collection period is that required for a single planar image.
The first physical realization of the FastSPECT architecture was in a dedicated human brain imager [1] that has since been modified to support a variety of biomedical research applications [2] . The system makes use of 24 modular scintillation cameras [3] - [5] , each containing a 2 2 array of photomultiplier tubes and having its own front-end electronics. Individual gamma-ray events are detected via analog processing, and digitized with compression to form twenty bit event words that are used as addresses into pre-computed lookup tables that imple-ment maximum-likelihood estimation of and position in an acceptable energy window [6] .
The imager continues to be employed in experiments, but recent advances in electronics combined with experience gained in operation of the original instrument have made it desirable and possible to construct an updated and improved version. The new imager, recently commissioned, is called FastSPECT II, and it features redesigned modular gamma-ray cameras, a list-mode data-acquisition system, a more flexible system gantry and enclosure, and an improved calibration and positioning system. Like other recent systems [7] - [11] , Fast-SPECT II is specifically designed for small-animal imaging.
II. MODULAR CAMERAS
The modular gamma-ray scintillation camera designed for FastSPECT II comprises a 5 mm thick NaI(Tl) scintillation crystal, a 15 mm thick quartz light guide, and a 3 3 array of 1.5 inch diameter end-on photomultiplier tubes (PMTs). A single HV connector drives all nine PMTs in a camera in parallel, with extra decoupling capacitors installed in the individual voltage divider networks. Individual SMB connectors bring out the signals from the PMT anodes for connection to the transimpedance amplifiers of the acquisition electronics.
A dimensioned assembly drawing of the camera is shown in Fig. 1 along with a photograph that shows the final anodized housing and thin aluminum entrance window. Blackening of the scintillator and light guide edges is a key step in achieving high performance [4] , and several iterations of edge treatment were required on a prototype camera before good image formation was possible to the crystal edge. The full complement of cameras were ultimately manufactured to our specifications by Teledyne Brown Engineering of Huntsville, AL.
III. LIST-MODE ACQUISITION ELECTRONICS
The advantages of list-mode data collection, the recording of the full set of observations associated with a data event as an entry in an ordered list, have been demonstrated in prior work [12] , [13] . In brief, statistical methods applied to estimate individual photon properties such as energy and position, or the photon fluence, or even the tomographically reconstructed source object always have access to the data observations at their full collected precision.
For the modular gamma-ray cameras being employed in Fast-SPECT II, each entry in the data list corresponds to a detected scintillation event and consists of a camera identifier, the nine signal values present in the 3 3 array of photomultipliers, and a time stamp. In our data acquisition system, the list entries are generated by a list-mode event processor implemented in programmable logic that scans streams of continuously digitized data looking for photon events, extracts the relevant set of observations and the current time, and prepares a byte packet for transmission. The data list itself is maintained in a back-end PCI card, the list-mode event buffer, that also accomplishes the computer-interfacing task.
The complete acquisition electronics package associated with a single camera is shown in Fig. 2 . It should be noted that the list-mode event buffer actually supports a second camera; hence, in a system there are twice as many cameras and list-mode processors as list-mode buffers. A complete description of the electronics will be presented elsewhere [14] .
IV. SYSTEM GANTRY AND ENCLOSURE
FastSPECT II is built in and around a welded tubular aluminum framework. The cameras are arranged as two rings of eight on opposite sides of a pair of central plates. Each camera has an aluminum mounting plate that is captured in a milled recess, providing a selection of three radial positions of increasing distance (6, 9, and 12 inches) from the imager axis.
The entire imager is shielded with 1/8" lead sheet laminated to a 1/8" thick powder-coated aluminum skin. Access to interior components for service or to change camera locations is provided via two hinged doors as shown in Fig. 3 . The entire structure is built on a heavy-duty wheeled base that permits relocation of the imager if necessary.
V. IMAGING APERTURES
In its initial configuration, FastSPECT II employs an array of 1 mm diameter pinholes, one per camera, as image-forming elements. The pinholes are precisely machined into gold disks that mount in appropriately milled recesses in a lead cylinder. The gold pinholes are held via retaining rings and can conveniently be exchanged if alternate aperture diameters are required. Different diameter lead cylinders are used in conjunction with the radial camera locations to select a variety of magnifications and fields of view. In the basic geometry suitable for small-animal imaging, the pinholes are placed along imaginary lines between the center of the field of view and each camera face. This provides a magnification of approximately 3 for the smallest lead cylinder (2 inch radius) and closest camera position (6.5 inches from imager axis). The field of view then accommodates a 25-50 gram laboratory mouse, and the 16 pinholes combined provide a photon collection efficiency of .
VI. CALIBRATION AND POSITIONING SYSTEM
In order to calibrate the system, it is first necessary to be able to translate a well-collimated source across the face of each camera. In this manner, a mean detector response function (MDRF) is measured that incorporates all optical and electronic properties of the camera and its acquisition chain. In a second step, a point source (usually approximated by activity adsorbed onto one or more chromatography beads) is translated throughout the object volume to build an overall imaging matrix or PSF. This in turn calibrates in all imaging properties of the system, including pinhole sizes and locations, camera orientations, and sensitivity effects.
To meet these needs, we designed and implemented a fivemotion positioning system that includes four translations and a rotation. It is assembled with high-quality components from Parker-Hannifen, Irwin, PA and provides repeatable positioning with better than 0.1 mm precision. Three of the translation stages implement standard --motions. The rotation stage and the small secondary translation stage mounted on it make it possible to carry out all MDRF scans with the convenience of having two translation axes parallel to any camera face. A number of analysis functions were built into the acquisition package, including the ability to rapidly determine photopeak moments for the purpose of iteratively adjusting the gain in each PMT's signal chain to match a template.
VII. CONTROL AND ACQUISITION SOFTWARE
After the acquisition of list-mode calibration and imaging data, further computations and tomographic reconstructions were performed on a parallel processing cluster with roughly two dozen nodes.
VIII. PERFORMANCE MEASUREMENTS AND RESULTS
A. MDRF Measurements
A modular scintillation camera's ability to provide high-resolution images is determined by the shape of its measured MDRF and by the total number of photoelectrons produced. Show in Fig. 4 below is the response of the center tube in one of FastSPECT II's cameras as a function of gamma-ray interaction position. Fig. 5 displays a one-dimensional slice of the 2-D MDRF of a camera when the collimated source is scanned horizontally across the camera face at about the midpoint. Of particular significance for image formation are the wide dynamic range (approxmately 40:1) in signal amplitude between the maxima (corresponding to being immediately above a PMT) and minima, the monotonic attenuation with distance away from any PMT center, and the symmetric falloffs toward the camera edges.
MDRFs were measured for each camera in the imager on a grid of 78 by 78 points spaced 1.5 mm apart. Sealed plastic vials containing 20-40 mCi of Tc-pertechnitate solutions were placed in a collimator designed to produce a 1 mm diameter beam of low divergence. Approximately 5000 counts per second were recorded at the beginning of scans that each lasted just less than 4 hours.
B. PSF Measurement
A first PSF scan comprising 8000 points in a 20 mm 20 mm 20 mm volume (1 voxels) was collected close to the center of the imager's field of view for the purpose of capturing test images of a phantom suitable for tomographic reconstruction. The total acquisition time was approximately 5 hours, with integration times of 1 second per point. A full system PSF will eventually be collected that contains grid points. The sparse nature of the data makes it possible to apply substantial compression if projected as images on each camera face. However, PSFs left in list-mode form are invariably large and even the initial scan occupied more than 4 GB of storage.
C. Phantom Imaging
A simple phantom was constructed in order to validate the imager's operation; it consisted of six small spheres of activity attached to ends of three plastic rods arranged in orthogonal orientations. A photograph of the phantom is shown in Fig. 6 along with a familiar coin for scale. Each sphere was in diameter, and the phantom contained a total of 1 mCi of Tc-pertechnetate. The phantom was imaged with a one-second exposure and reconstructed with 40 iterations of an ML-EM algorithm. The resulting slices are shown in Fig. 7 . The spheres are fully resolved and have well defined boundaries. No individual sphere is visible in more than three vertical slices.
D. Dynamic Capabilities
Data collected on FastSPECT II arrives in the controlling PCs as lists of gamma-ray events detected on each camera; each entry in the list comprises the set of nine PMT signals associated with the peak pulse amplitudes observed in that event and the time it occurred. All acquisitions are therefore dynamic in nature since the data always has time information recorded to the nearest 30 nsec interval. However, there are several additional steps required for the practical acquisition and reconstruction of true dynamic images on FastSPECT II.
For example, if images need to be synchronized to a periodic biological process such as heartbeat, a separately digitized and time-stamped physiological signal (such as EKG) will be needed in order to assign events to phases in the cardiac cycle. Real dynamic imaging techniques will also require development of new list-mode reconstruction algorithms optimized for the task.
IX. CONCLUSION
FastSPECT II builds on the experience gained in the operation of the original FastSPECT imager by adding a number of technical upgrades, including improved modular gamma-ray cameras, data-acquisition hardware, and calibration stages. The new modular cameras have 30% larger active areas (130 versus 103
) than the original models and sense each scintillation event with nine rather than four PMTs. The digital data in the new imager is generated by 12-bit A/D converters (as opposed to eight-bit A/Ds in FastSPECT I) and stored intact without information loss by the new acquisition system.
One of the most significant improvements is the incorporation of exchangeable imaging apertures and adjustable camera locations. The imager's sensitivity, reconstructed resolution, and field of view are not fixed, but can be selected to match imaging tasks.
The result is a flexible instrument that will be used in a variety of biomedical research applications as part of the SPECT core of a multimodality small-animal imaging resource. The dynamic capabilities of the imager will be exploited in the near future with initial demonstration applications anticipated to be in first-pass cardiac imaging and pharmacokinetics.
